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RADIOSURGICAL NEUROMODULATION
CLOSE TO CRITICAL STRUCTURES

CROSS-REFERENCES TO RELATED
APPLICATIONS

The present application claims the benefit under 35 USC
§ 119(e) of US Provisional Appln. No. 62/678,098 filed May

30, 2018; the full disclosure which 1s incorporated herein by
reference 1n its entirety for all purposes.

This application 1s generally related to the following U.S.
patents and applications: U.S. Pat. No. 8,337,382 1ssued on
Dec. 25, 2012; U.S. Pat. No. 8,747,292 1ssued on Jun. 10,
2014; U.S. Pat. No. 9,808,651 1ssued on Nov. 7, 2017; and
PCT Application PCT/US2017/054880 filed Oct. 3, 2017,
published as WO 2019/050551; each of which are incorpo-

rated herein by reference 1n their entirety for all purposes.
This application 1s also generally related to the following
publication: Samiotaki et al. “Pharmacokinetic analysis and
drug delivery efliciency of the focused ultrasound-induced
blood-brain barrier opening in non-human primates™, Magn
Reson Imaging 377, pp. 273-281, Apnl 2017, the entire
contents of which 1s incorporated herein by reference for all
pUrposes.

BACKGROUND OF THE INVENTION

Radiomodulation (RM, radiosurgical neuromodulation)
involves the use of radiosurgery to alter neuronal activity
without killing cells or producing a lesion. Because the edge
of even highly collimated beams of 10n1zing radiation is not
a step function but rather a gradually diminishing curve of
radiation, the gradient perpendicular to the direct path of the
beam spreads into non-targeted tissue. Therefore, RM of
precise areas of the brain, particularly those that are adjacent
to critical anatomy of the brain, i1s technically dithicult to
achieve without this nearby anatomy being irradiated and
injured. Radiation-induced alteration of brain areas close to
the targeted areas 1s potentially dangerous, as it may result
in side effects from the procedure, like neurological deficits,
or may 1nduce eflects opposite to the mtended goal of a
specific radiomodulation procedure.

Radiosensitizers have been developed for wide-beam
radiation therapy that permit lower radiation doses to kill a
tumor. Radioprotectants have also been developed for sys-
temic reduction of harm from 1omizing radiation exposure.
The application of molecular compounds like radiosensitiz-
ers and radioprotectants requires either acceptance of wide-
spread non-targeted uptake, or invasive 1injection, for
example during a surgical procedure. In general, 1t has not
been possible to deposit either radiosensitizers or radiopro-
tectants to specific locations nside the body without utiliz-
Ing an invasive procedure.

By design, radiomodulation alters the function of all
neurons within a precise volume of targeted brain, 1.e. i1t has
“anatomic specificity”. Of note, the effect from 10nizing
radiation 1s not selective for any specific class of neurons
within this brain volume, for example neurons which might
be primarily responsible for a specific pathological brain
circuit. Therefore, 1t would highly desirable to skew the
ellects of radiomodulation towards the pathologic neurons
within the target region, thereby providing a form of “cell-

type specificity”.

BRIEF SUMMARY

To achieve the goal of providing radiomodulation with
cell-type specificity, anatomically targeted radiomodulation
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2

can be combined with systemically administered molecules
that have both a high aflinity for certain neuronal types and

which interact with and alter the eflects of 10n1zing radiation
in a manner that enables greater therapeutic selectivity. Such
an approach provides safer treatment as well as greater
therapeutic etlicacy.

In one aspect, the present invention pertains to methods of
treatment that include the selection of a targeted circuit node
or tract connecting nodes (“target”), and i1dentification of
nearby critical structures of the brain, then delivering a
radiosensitizing agent to a radiomodulation target, and/or
radioprotectant agents to the nearby non-targeted critical
structures prior to delivering a cellulary-non-lethal dose of
ionizing radiation delivered by stereotactic radiosurgery. In
some embodiments, the delivery of these agents may be
accomplished by anatomically specific methods, {for
example, by use of ultrasound. In some such embodiments,
methods utilize targeted focused ultrasound with systemi-
cally infused microbubbles to temporarily open the blood-
brain barrier prior to delivering radiosensitizer and/or radio-
protectants systemically and subsequent radiomodulation.
Alternatively, the delivery of these agents may be accom-
plished by cell-type specific methods such use of a radio-
sensitizer or radioprotectant that 1s conjugated with a mol-
ecule with an athnity for unique molecular features of the
target or critical structure, respectively, then delivered 1t
systemically to the patient prior to radiomodulation. In this
manner, the targeted area of the brain 1s modulated in
activity level without imnjuring the cells 1n the target zone or
nearby critical structures. The purpose of these steps 1s to
treat a functional brain disorder, including psychiatric dis-
orders such as behavioral disorders. Such methods are usetul
for treating a diverse range of disorders, including but not
limited to, chronic intractable pain, hyperphagia associated
with obesity, and drug addiction.

In another aspect, the invention pertains to a treatment
system that includes one or more radiosensitizer and/or
radioprotectant substances having an afhnity for certain
types of brain cells; a blood-brain barrier permeator config-
ured to permeate a blood-brain barrier of the brain to allow
delivery of the one or more substances across the blood-
brain barrier; and a radiation delivery system configured to
deliver radiation to the target tissue at a therapeutic dose
whereby treatment of targeted neural cells 1s enhanced
and/or alteration of non-targeted tissues of critical structures
of the brain 1s avoided by the presence of the one or more
substances. In some embodiments, the radiation treatment
system 1ncludes a processor configured to direct radiation
from the radiation delivery system outside the patient,
through a skull of the patient and into the brain of the patient
along a plurality of beam paths directed from varying
directions so as to intersect with targeted neural cells. In
some embodiments, the permeator comprises an ultrasound
delivery system and includes an imaging system for 1denti-
tying a location to direct ultrasound from the ultrasound
delivery system to temporarly permeate the blood-brain
barrier for molecular compounds that would otherwise be
too large to pass through to brain cells. In some embodi-
ments, the mmaging system 1s an MRI system and the
ultrasound system comprises a high frequency ultrasound
source.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1llustrates an overview of the steps of an exemplary
method, 1n accordance with some embodiments of the
imnvention.
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FIG. 2A 1llustrated an exemplary method by which the

blood-brain-barrier may be temporarily opened by use of

MRI-guided focused ultrasound, 1n accordance with some
embodiments.

FIG. 2B illustrates ultrasonic transducers being electroni-
cally steered and focus on the intended target within the
brain, 1n accordance with some embodiments.

FIG. 3 1llustrates novel molecular structures produced by
conjugating a molecule with an afhinity for a specific cell
type with a molecule have radioprotectant properties, and
how such molecules selectively radioprotect only cells of a
predesignated type, in accordance with some embodiments.

FIG. 4A 1llustrates an exemplary radiosurgical apparatus
use for radiomodulation (RM), in accordance with some
embodiments.

FIG. 4B illustrates the plethora of radiation beam trajec-
tortes used to carry out radiomodulation 1mn an example
system, 1n accordance with some embodiments.

FIG. 5A 1llustrates a coronal view of the anatomy of the
hypothalamus and numerous nearby anatomical structures
within the brain.

FIG. 5B illustrates the “appetite circuit” of the brain, to
which the lateral hypothalamic area (LHA) 1s key.

FIG. 6 A 1llustrates a coronal view of the anatomy of the
thalamus and numerous nearby structures within the brain.

FIG. 6B illustrates a cortico-thalamic-cortical brain cir-
cuit that governs the perception of pain, and to which the
thalamus 1s key.

FIG. 7A 1llustrates the major dopamine pathways ema-
nating from the ventral tegmental area (VTA), including the
nucleus accumbens that 1s important for reward, such as that
received from opiate, cocaine, alcohol tobacco and other
drugs of abuse.

FIG. 7B describes the frontal lobe ventral tegmental
circuit 1n which the nucleus accumbens and other structures
associated with the ventral tegmental area (VTA) stay 1n
balance by feedback loops, different tracts operating with
different neurotransmitters that are thus targetable on a
molecular basis and different types of neurons comprise the
nucleus accumbens.

DETAILED DESCRIPTION

Radiomodulation (RM, radiosurgical neuromodulation) 1s
the use of radiosurgery to alter neuronal activity function-
ally, without killing cells or producing a lesion. In the
present invention, targeted areas of the brain, which can be
either circuit nodes or pathways nodes, within a brain
circuit, are modulated 1n activity level, while protecting
nearby non-targeted critical structures from radiation effects.
Critical structures may be near but separate from the target
zone, or may be within the target zone but have distinguish-
Ing aspects.

In one aspect, radiosensitizers are deposited within brain
areas that one wishes to modulate and radioprotectants are
deposited in those brain areas in which one wants to prevent
alteration. Depositing of radiosensitizer and/or radiopro-
tectant substances can be performed 1n a number of ways,
for example, by one or more of two methods: 1) temporarily
opening the blood-brain-barrier (BBB) 1n a chosen anatomi-
cal spot, for example with MRI-guided focused ultrasound,
generally 1n combination with systemically delivered
microbubbles. 2) molecular targeting by utilizing a radio-
sensitizer or radioprotectant, respectively, conjugated to a
molecule with specificity for the itended target, or non-
target critical structure, and which can cross the BBB. As
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described herein, the term “conjugate” 1s used to mean to

jom two or more molecular structures regardless of the

method of joiming.

In one aspect, the methods described herein are used to
treat functional disorders of the brain, including neurologi-
cal and psychiatric disorders such as behavioral disorders.
Such disorders can include but are not limited to: chronic
pain, hyperphagia associated with obesity, and drug addic-
tion.

In another aspect, the methods described herein are used
to treat pathologies such as brain tumors that reside close to
critical structures. In such disorders, an approach intended to
be destructive to the targeted cells 1s desired. Such disorders
may include, but are not limited to gliomas, oligodenroglio-
mas, meningiomas, chordomas, lymphomas, medulloblas-
tomas, schwannomas, and metastatic brain tumors. It 1s
appreciated that any of the concepts described herein can be
utilized to facilitate destruction of target tissues by irradia-
tion and inhibiting damage to nearby critical structures.

Radiosensitizers include, but are not limited to: fluoro-
pyrimidines, gemcitabine platinum analogs such as cispla-
tin, misonidazole, metronidazole, hypoxic cytotoxins such
as tirapazamine, oxygen, NBTXR3, nimoral, trans sodium
crocetinate (1SC), NVX-108. Radioprotectants include, but
are not limited to: hydroxytryptamine, cobalt chloride, det-
eroxamine, clioquinol, 1sofluran, oakadaic acid, vanadate,
tilorone, baicalein, FG-4497, superoxide dismutase, gluta-
thione, N-acetyl-cysteine, amifostine, fullerenois, certum
oxide, tempol, resveratrol, butin, vectors with repair
enzymes, sodium orthovenate, antisense-PUMA, 1nhibitors
of GSK-3f3, HPV 16 E5 viral protein, angiotensin receptor
blockers, flagellin analogues, RTA401, autophagy modula-
tors, haemopoetin growth factors, keratinocyte growth fac-
tor, becaplermin, telbermin, FGF-P peptide, FG1:FGF2 chi-
meric GF, Velatermin, Tenovil, Delavo, SeV-mediated
transier of 1L-10 gene, IL-10 inducers, Intliximab, Tolci-
zumab, IL-6 blockers, pravastatin, VEGF blockers, TINP-
4’70, HIF blockers, TGF {3 blockers, PDGFR inhibitors, HGF
gene transter, retinoic acid, anti-bFGF, ACE inhibitors, COX
inhibitors, INGN201, MDM2 inhibitors, oblimersen,
sodium, vanillin derivatives, Avotermin, NF-kB inducers,
macrophage activation, suppressors, gap junction inhibitors,
NOS 1nhibitors, macrophage activation inhibitors, and dem-
cthylation targeting agents.

Means for getting a drug selectively past the BBB may
include temporarily rendering the BBB permeable by means
such as mechanical disruption created with precisely guided
(e.g. MRI-gmided) targeted high intensity focused ultra-
sound (e.g. MRgFUS) or similar function device, typically
in combination with systemically injected microbubbles, as
described by Samiotaki and colleagues. This allows sub-
stances 1ncluding larger molecules that would otherwise be
prevented from reaching the brain to cross over from the
system circulation to the brain parenchyma. Ultrasound can
be focused more tightly than i1onizing radiation, with a
steeper fallofl of intensity at the outer margins of the treated
region. Thus a MRgFUS-permeated blood brain barrier
permits radiosensitizers or radioprotectants to reach those
arcas ol the brain that are specifically treated with the
ultrasound. For this reason, MRgFUS in combination with
systemically injected microbubbles 1s an improved way of
preparing small areas (e.g. 5 mm wide or less, about 3 mm
wide) of the brain for later radiomodulation. In this way,
even molecules that are too large to pass an intact BBB
(generally larger that 600 Daltons (Da), or with extreme
lipophilicity or hydrophilicity) may be brought to targeted
tissue or critical structures.
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In other embodiments, the radiosensitizer and/or radio-
protectant substances are carried by the microbubbles them-

selves. The microbubbles will be broken by the MRI-guided

focused ultrasound at the area to be protected during open-
ing the blood-brain-barrier. Then, the radiosensitizer and
radioprotectant are released at a respective area. The size of
microbubbles, 1 some embodiments, may be relatively
small (e.g. smaller than a red blood cell). If larger
microbubbles are selected, one advantage i1s the power or
magnitude of ultrasonic can be lowered, but the disadvan-
tage 1s that the microbubbles may collapse before reaching,
the target area. Thus, 1n some embodiments, 1t 1s desirable to
utilize a microbubbles having a size from 2 um to 6 um.

In an alternative embodiment, a molecule may be brought
across the BBB to the targeted cell type 11 the molecule has
an athnity for the targeted cellular receptors within the target
area of the brain being systemically injected, for example a
radiosensitizer conjugated to cell-type antibody or neu-
rotransmitter receptor antagonist. As described herein, the
term “conjugate’” 1s used simply 1n the sense of joining two
or more molecules regardless of means. The conjugated
molecule must have moderate lipophilicity to prevent exces-
sive binding to plasma but still permit binding to neurons,
and, the molecular mass of the conjugate must be less than
600 Da 1n order to permit blood-brain barrier passage. In one
such example embodiment, a dopaminergic brain node 1s
targeted with radiosensitizer metronidazole (171.6 Da) con-
jugated to a dopamine type 2 antagonist like raclopride
(molecular mass of 347.236 Da), with the resultant conju-
gate molecule with a mass of 518.836 Da (plus the mass of
any additional molecule required for the conjugation), and
moderate lipophilicity. After the conjugate molecule docks
in place at the dopamine receptor, it 1s taken up by the
neuron by endocytosis, and transported throughout the cell
by axonal transport. Alternatively, one can target dopamin-
ergic cells within a target area while radioprotecting sero-
tonergic, noradrenergic, cholinergic, GABAergic and gluta-
minergic neurons using radioprotectant conjugated with
molecules of the requisite cell-type specificity, molecular
mass and lipophilicity. Examples include tropiseteron
(284.353 Da) for serotoninergic cells; propranolol (259.34
Da) for adrenergic cells; atropine (289.369 Da) for musca-
rinic cholinergic cells; flumazenil (303.288 Da) ifor
GABAergic cells; and methoxetamine (247.33 Da) {for
NMDA/glutaminergic cells. As needed for BBB penetration
without excessive binding in plasma, hydroxyl groups on the
molecule may be chemically covered or exposed to decrease
and to increase, respectively, lipophilicity.

For the radiomodulation procedure and any focused ultra-
sound procedure that precedes 1t, C'1 and MM are taken of
the patients head and brain, and the fused 1images are used
to guide the ultrasound and stereotactic radiosurgery proce-
dure. Following delivery of radiosensitizers and/or radio-
protectants to the target and critical structures, respectively,
stereotactic radiosurgery 1s performed in a manner that
produces radiomodulation as described in U.S. Pat. Nos.
8,337,382, 8,747,292, and 9,808,651, at a dose of approxi-
mately 20 to 60 Gy. At this radiomodulation dose, the
targeted area of the brain 1s modulated without killing the
cells 1n the target zone.

In one embodiment, the MRI and CT 1images may be used
to create a 2D or 3D model of targeted areas and those
requiring protection from radiation. Such a model 1s usetul
for guiding the opening of the blood-brain-barrier with
tocused ultrasound, and for delivering the radiomodulation
dose of 1onmizing radiation. From such a model, a treatment
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plan for focused ultrasound, and a treatment plan for deliv-
ery of radiation may be determined.

In a preferred embodiment, chronic, intractable pain 1s
treated by a combination of MRgFUS-facilitated permeation
of the target and radiosensitization of the target (specifically
the centromedian and parafascicular nuclei, or the lateral
aspect of the medial dorsal nucleus of the thalamus), first
permeating the blood brain barrier of the target regions with
MRgFUS with microbubbles, then systemically administer-
ing radiosensitizer, and then conducting stereotactic radio-
surgery-enabled radiomodulation. Use of ultrasound 1s most
useiul when a molecule 1s too large or too electrostatically
or chemically too large to otherwise pass through the blood
brain barrier, thus expanding the range of molecules that can
be selected for this purpose. The deposition of a radiosen-
sitizer within a targeted cell permits a lower dose of radia-
tion to be used for radiomodulation than would be needed
without a radiosensitizer. In this manner, radiomodulation of
very small areas within the medial aspect of the thalamus 1s
accomplished with minimal effects upon the surrounding
nucle1 that one does not wish to alter.

Optionally, a radioprotectant may be admimistered, either
systemically following permeation of the BBB of the non-
targeted critical structures, or by using a low molecular mass
radioprotectant with moderate lipophilicity that can cross the
BBB and bind to targeted areas. As one example, to protect
a serotonergic critical structure, radioprotectant amifostine
(214.224 Da) might be conjugated with a molecule with
afhinity for the critical structure’s cell type that one wishes
to protect, like serotomin antagonist ondansetron (combined
mass 507.522 Da, with moderate lipophilicity). In this
manner, a moderate dose of radiation (for example, 10 to 60
Gray) delivered to the area of the target will have a minimal
cllect upon surrounding critical structures. In this way,
chronic, intractable pain may be mitigated with few 1f any
side-eflects.

In an alternative embodiment, the therapy may treat
overeating behavior (hyperphagia) by targeting for down-
modulation a very small portion of the hypothalamus known
as the lateral hypothalamic area without affecting the medial
hypothalamus (the latter producing an undesirable opposite
ellect of increased appetite when down-modulated). In this
case, the targeted lateral hypothalamic area may be radio-
sensitized by first permeating the blood brain barrnier with
MRg-FUS, 1 combination with systemically injected
microbubbles, aimed at that same area. Then a radiosensi-
tizing agent may be injected systemically (or to a major
brain perfusioning arterial pathway such as the carotid artery
or subclavian artery). The radiosensitizing agent will be
selectively taken up in the brain area in which the blood
brain barrier has been permeated (in this case, the lateral
hypothalamic area). Radiomodulation 1s then conducted.
Optionally, a radioprotectant may be administered, for
example, by using molecular targeting of a conjugate of an
antibody to the cell type that one wishes to protect, and the
radioprotectant molecule. In this manner, a moderate dose of
radiation (for example 10-60 Gray) delivered to the general
arca ol targeted and non-targeted regions will have an
amplified effect upon the small targeted area, and a dimin-
ished eflect upon surrounding non-targeted regions includ-
ing critical structures. In this manner, the overeating behav-
1or associated with obesity are mitigated.

In yet another alternative embodiment, the symptoms of
drug addiction are targeted for radiomodulation 1n order to
treat the symptoms. To accomplish this, one targets for
radiosurgical down-modulation a very small portion of the
brain known as the nucleus accumbens, 1n which there 1s an
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excess ol dopaminergic activity. Complicating the proce-
dure, however, are the presence of nearby non-targeted
critical brain structures, neuronal tracts that transmit their
signals with GABA. Because stereotactic radiosurgery
delivers some radiation to non-targeted critical areas, this
radiosurgery alone would pose risk of side eflects. In this
case, the targeted nucleus accumbens may be radiosensitized
by systemically (or to a major brain perfusioning arterial
pathway such as the carotid artery or subclavian artery),
injecting radiosensitizer. An example radiosensitizer 1s met-
ronidazole, conjugated to a dopamine receptor blocker
raclopride while surrounding (creating a conjugate molecule
with a mass of 445.396 Da plus that of additional elements
needed to complete the conjugation, as 1s known 1n the art.)
Alternatively or additionally, GABAergic tracts may be
treated with radioprotectant such as amifostine conjugated
with GABA antagonist flumazeml to make a conjugate with
a mass of 517.444 Da and moderate lipophilicity. The
conjugate will then be selectively taken up 1n the brain area
in which the antibody binds (1n this case, the dopaminergic
pathways), and the radioprotectant agent will be taken up in
areas where GABA and glutamate antibodies bind. In this
manner, a moderate dose of radiation (for example 10-60
Gray) may be delivered to the general area of targeted
nucleus accumbens and non-targeted regions surrounding
regions, and the non-targeted areas receiving radiation will
be substantially protected, while the unprotected target will
be down-modulated by the radiation received. Alternatively,
the symptoms of drug addiction may be mitigated by down-
modulating just the dopaminergic cells within the nucleus
accumbens, while protecting the glutaminergic and
GABAergic aspects of the nucleus accumbens, even though
they all reside 1n the target zone. This may be accomplished
by use of conjugated radiosensitizers or radioprotectants in
the manner previously described. In these ways, the symp-
toms associated with drug addiction are mitigated.

FIG. 1 illustrates an overview of the steps to the method
described. Two approaches to administering radiosensitizer
substances to a target before performing stereotactic radio-
surgery are detailed in steps 105 through 107 and steps 110
through 112, respectively. Two approaches to administering
radioprotectant substances to critical structures before per-
forming stereotactic radiosurgery are detailed in steps 115
through 117 and steps 120 through 122, respectively. It 1s
appreciated that a treatment can utilize a single approach or
any combination of the approaches described herein.

In step 101, one identifies the pertinent brain circuit
associated with the brain disorder, the target one wishes to
alter or modulate with the treatment (typically a target node
or neural pathway), and critical structures nearby that must
not be 1njured or altered. As described herein, target can
refer to a targeted tissue, and typically refers to a place
within a neural circuit or pathway, such as a node. In step
105, one 1dentifies a umique characteristic of a radiomodu-
lation target thereby providing cell-type specificity. This
could be, for example, 1dentifying a molecular characteristic
such as dopamine type 2 receptors. In step 106, a radiosen-
sitizer agent with cell-type specificity is selected. This may
be, for example, raclopride (with its dopamine type 2
allinity) conjugated with radiosensitizer metronidazole
(combined molecular mass of 318 g/mol, moderately lipo-
philic). In step 107, a radiosensitizer 1s brought across the
BBB by the cell-type specificity of the systemic infusion of
a radiosensitizer conjugated to a selective binding molecule.
In step 130, stereotactic radiosurgery with a radiomodula-
tion dose and technique 1s carried out on the target.
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In step 110, the spatial position of a radiomodulation
target 1s 1dentified thereby providing anatomic specificity.
This 1s typically done with a combination of spatially precise
CT data set spatially fused to one or more MM data sets. The
target and nearby critical structures (areas that one does not
wish to aflect with radiation) are demarcated. In step 111, a
means for non-invasive BBB permeation 1s selected, aimed
and delivered to target with spatial/anatomic specificity. Use
of ultrasound 1s most useful when a molecule too large or too
hydrophillic to otherwise pass through the blood brain
barrier. An example 1s selecting, aiming and applying MRg-
FUS stereotactically upon the target. In step 112, permeation
of the BBB 1s achieved, for example by use of spatially
located focused ultrasound such as MRg-FUS with subse-
quent systemic infusion of a radiosensitizer. Again, in step
130, stereotactic radiosurgery with radiomodulation dose
and technique 1s carried out on the target.

In step 115, unique molecular characteristic of non-target
critical structures are 1dentified, thereby providing cell-type
specificity. For example, as shown in FIG. 6B, while the
targeted nucleus operates principally on dopamine, while
nearby non-target critical structures and pathways are glu-
taminergic and GABAergic. In step 116, a radioprotectant
with cell-type specificity 1s selected. In the case of GABA,
for example, GABA antagonist flumazenil 1s conjugated
with radioprotectant tempol (combined molecular mass
<600 Da, moderate lipophilicity) by means known 1n the art.
In step 117, a radioprotectant 1s brought across the BBB via
cell-type specificity, including systemic infusion of a radio-
protectant conjugated to a selective binding molecule such
as an antibody to a unique molecular characteristic of the
critical structure, and taken up into the axon and cell body
by endocytosis and axonal transport. Again, in step 130,
stereotactic radiosurgery with radiomodulation dose and
technique 1s carried out on the target. At the same time, effect
of radiation upon targeted dopaminergic neurons may be
amplified by using dopamine antagonist raclopride conju-
gated to radiosensitizer metronidazole, which will dock the
conjugated molecule will dock at D2 receptors and be taken
into the cell by endocytosis.

In step 120, the spatial position of non-target critical
structures are 1dentified, thereby providing anatomical speci-
ficity. This could be, for example, the i1dentification of the
stereotactic coordinates of non-targeted nuclel or neuronal
tracts by use ol coordinate-registered MRI. In step 121,
means for non-invasive BBB permeation are selected and
aimed and deliver to the critical structure with spatial/
anatomic specificity. An example 1s selecting, aiming and
applying MRgFUS stereotactically upon the critical struc-
ture. In step 122, a radioprotectant 1s brought across the BBB
via anatomical specificity including, for example permeation
of the BBB by use of a spatially targeted method such as
MRg-FUS and subsequent systemic infusion of a radiopro-
tectant. Again, 1n step 130 stereotactic radiosurgery with
radiomodulation dose and technique 1s carried out on the
target.

FIG. 2A shows patient 505 wearing a MRgFUS helmet
510, ready to be scanned in MRI scanner 515. MRgFUS
helmet 510 contains ultrasound transducers that electroni-
cally focus on the brain target shown in the acquired MRI
with submillimeter accuracy, and mechanically shake cell
membranes 1n that target area, thus disrupting the BBB.
Heating may also occur and contribute to the effect of
increasing BBB permeability to molecules that are larger
and more electrostatically incompatible with the pores of the
blood brain barrier when 1n a normal state.
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FIG. 2B shows electronically directable and focusable
ultrasound transducer 565 and 566 on the head of patient
550, with scalp 555. Ultrasonic energy 570 1s combined and
focused at ultrasound target 560 where 1t 1s used to tempo-
rarily disrupt the blood brain barrier, allowing passage of
molecules that would otherwise be too large, electrostati-
cally or chemically incompatible with the pores of the blood
brain barrier in their normal state.

FIG. 3 illustrates novel molecular structures produced by
conjugating a molecule with an aflinity for a specific cell
type with a molecule have radioprotectant properties, and
how that molecule selectively radioprotects only a predes-
ignated cell type. FIG. 3 shows how conjugated N-acetyl-
cysteimne/ketamine molecule 705 passes 720 across the blood
brain barrier from capillary lumen 730, between endothelial
cells 710, 711 and 712, and across basement membrane 715
into brain parenchyma 731 which 1s adjacent to endothelial
cells 710, 712 and 713 and basement membrane 715, and
includes astrocyte foot processes 713 and 314.

First, radioprotectant N-acetylcysteine molecule 701 1s
conjugated to NMDA antagonist ketamine molecule 702 by
organic chemistry methods known in the art to produce
conjugated N-acetylcysteine/ketamine molecule 705. Con-
jugated N-acetylcysteine/ketamine molecule 705 passes 720
through gaps between endothelial cells 210, 211 and 212.
Meanwhile, peptide 706 1s too large (molecular weight
greater than 600 Daltons), and therefore unable to pass 707
through gaps between endothelial cells 210, 211, and 212.

Conjugated N-acetylcysteine/ketamine molecule fits 722
NMDA receptor 723 of glutaminergic neuron 724, where it
1s taken into glutaminergic neuron 724 by endocytosis.
Meanwhile, when conjugated N-acetylcysteine/ketamine
molecule 705 encounters 725 receptor 726, conjugated
N-acetylcysteine/ketamine molecule 705 does not fit 728
into receptor 726 of non-NMDA neuron 727 (for example a
GABAergic neuron. In this manner, only NMDA -glutamin-
ergic neurons are imparted with the radioprotectant proper-
ties.

FIG. 4A 1llustrates a stereotactic radiosurgical system,
used for radiomodulation. In this system by Zap Surgical
Systems, Inc. (San Carlos, Calif.), patient 605 1s treated with
radiation beam 611 coming from linac 610 to target 612 with
radiation that has passed through the patient and 1s finally
absorbed at beam stop 613. Imaging radiation source 6235
passes low levels of x-ray radiation through the head of
patient 605, and creates a digital image on detector array
626. The radiosurgical system shown 1s self-shielded for
radiation, and includes axial shield 630 which rotates about
axis 620, and oblique shield 630. It is appreciated that
various other treatment systems could be used, including a
treatment system utilizing a single treatment beam as well as
treatment systems having multiple beams directed to the
target from multiple directions.

FIG. 4B shows the stereotactic radiosurgery system used
for radiomodulation as shown i FIG. 3A sequentially or 1n
parallel, which delivers multiple beams 660 of radiation
through the patient 655. With all beams intersecting within
the targeted tissue, the radiation dose at the target sums up
while the peripheral areas ol the patient receive relatively
little radiation.

FIG. 5A 1llustrates the anatomy of the hypothalamus and
surrounding brain areas in coronal section at approximately
2x magnification. One will appreciate that there are numer-
ous separate structures residing in a small space. Lateral
hypothalamic area 205 and 206, respectively are immedi-
ately next to medial hypothalamus 210 and 211 respectively.
Passing through the middle of the hypothalamus 1s fornix
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column 212. Immediately beneath the hypothalamus are
optic tracts 215, a critical structure to which damage must be
avoided 1n order to prevent blindness. Above the hypothala-
mus 1s ventrolateral nucleus of the thalamus 220. In treating
this region, 1t 1s desirable to radiomodulate the lateral
hypothalamic areas 205 and 206 while avoiding damage to
optic tracts, for example, by applying MRg-FUS to the
lateral hypothalamic areas 205 and 206 and infusing radio-
sensitizer tirapazamine. Optionally, tirapazamine may be
chemically jomned to a molecule with specificity for the
specific type of neuron being targeted so as to ensure greater
specificity or where the radiosensitizer 1s deposited.

FIG. 5B shows the neural circuit, the “hypothalamic
appetite circuit” within which the atorementioned anatomy
carries out 1ts function. "

The circuit 1s composed of areas
called nodes, and the white matter connections or tracts that
lie between the nodes and transmit information between
them. Hypothalamus 2355 counds numerous nuclei including
the lateral hypothalamic area (LHA) 260 which 1s connected
by LHA-hindbrain tract 261 to hindbrain 262. Via a two-way
connection 257, the hindbrain detects and responds to food
intake 256 levels. Lateral hypothalamic area 260 1s con-
nected to the arcute nucleus of the medal hypothalamus by
at least two pathways: neuropeptides: co-expressed NPY/
Agrp 271 and co-expressed POMC/Cart 272. NPY and the
melanocortin precursor, propiomelanocortin (POMC) are
expressed 1n adjacent, but distinct, subpopulations of arcuate
nucleus neurons. Hypothalamic NPY/Agrp neurons 271,
like PMC/Cart neurons 272 constitute a unique, separate cell
types that are activated by fasting to stimulate food intake
via a simultaneous increase of NPY and decrease of mel-
anocortin. POM/Cart 272 provides iput to lateral hypotha-
lamic area 260 1n a negative feedback loop with LHA-
hindbrain neuron 261. Arcuate nucleus 280 receives input
from ventral medial hypothalamus via neurons 281, and
delivers messages to PVH 2935 via neurons 296.

FIG. 6A illustrates the anatomy of the thalamus and
surrounding brain areas in coronal section at approximately
2x magnification. One will appreciate that there are numer-
ous separate structures residing 1n a small space. Areas key
to pain control are the centromedian nucleus 305 and the
parafascicular nucleus 310. Beneath the thalamus 1s the
optic tract 330, a critical structure to which damage must be
avoilded 1n order to prevent blindness. Adjacent to centro-
median nucleus 305 are the critical structures of ventral
posteriomedial nucleus 315, and stria terminalis 320, both of
which should avoid being modulated or damaged.

FIG. 6B shows the “thalamic pain circuit” in which the
alorementioned anatomical regions carry out their function.
The entire circuit consists of a several component neural
circuits, ol which the above anatomy 1s a portion. The circuit
1s composed of areas called nodes, and the white matter
tracts form connections between the nodes. Thalamus 235
includes the centromedian nucleus and parafascicular
nucleus as described 1n FIG. 5A. Pathways 356 and 357,
extending to the sensory-motor cortex 360 and the dorsal
anterior cingulate cortex 390, connect these regions respec-
tively. Feedback from the sensory-motor cortex 360 1s
relayed to putamen 3635 via tract 361. The signal in putamen
365 1s then relayed to globus pallidus externa 370 and to
globus pallidus mterna 375 via connection 370. Signals for
globus pallidus externa 370 and globus pallidus interna 375
are relayed to subthalamic nucleus 380, which also proves a
teedback loop to globus pallidus externa 371. Signals from
globus pallidus interna 375 are relayed in a feedback loop
back to medial nuclei of thalamus 355. This series of circuit
connections including feedback loops that serves to detect
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and regulate the perception of pain the body. In the context
ol the present invention, one could treat the centromedian
nucleus 305 and parafascicular nucleus 310 without injuring
the lateral areas of the thalamus by applying MRg-FUS in
order to permit compounds to more specifically target the
centromedian nucleus and paratascicular nucleus, then
infusing radiosensitizer gemcitabine prior to proceeding
with 1rradiation at a lower dosage (for example 10 Gy) than
would be required without gemcitabine. Optionally, the
radiosensitizer may be chemically joined to the radiosensi-
tizer in order to provide more specificity as to where it 1s
deposited. The use of the ultrasound permits molecules that
would otherwise be too large, electrostatically or chemically
incompatible for blood brain barrier pores i their natural
state, thus expanding the range of molecular options.

FIG. 7A describes the frontal lobe ventral tegmental
circuit 1n which the nucleus accumbens and other pathways
associated with the ventral tegmental area (VTA) stay 1n
balance by feedback loops. As described 1n the description
of 6B, different tracts operate with different neurotransmit-
ters that are thus targetable on a molecular basis. Here in
FIG. 7A, VTA 425 gives rise to the mesolimbic pathway 4035
(which 1s 1mportant for mood, and the maintenance of
addictive behavior 1n, for example, drug addiction), tubero-
infundibular pathway 420, mesocortical pathway 410. Sub-
stantial nigra 430 gives rise to migrostriatal pathway 415, all
of which are dopaminergic. Also shown are dorsal striatum
435, and nucleus accumbens 440, both dopaminergic. It will
be appreciated that the nucleus accumbens 1s physically
close to other brain areas and pathways. Accordingly, i1t
would be dificult to radiomodulate, for example, the
nucleus accumbens, without also affecting surrounding brain
including the ventral pallidum. It would be yet more diflicult
to radiomodulate the dopaminergic portions of nucleus
accumbens 440 without aflecting the glutaminergic and
GABAergic portions.

FIG. 7B describes the frontal lobe ventral tegmental
circuit 1n which the nucleus accumbens and other structures
and pathways associated with the ventral tegmental area
(VTA) (in which the atorementioned anatomical regions are
carry out their functions) stay in balance by feedback loops.
The circuit 1s composed of areas called nodes, and the white
matter tracts that connect the nodes. This system regulates
not only the perception of reward, including the reward
associated with use of drugs including opiates, cocaine,
alcohol and tobacco. Diflerent tracts operate with different
neurotransmitters that are targetable on a molecular basis.
Ventral temental area (VTA) 450 delivers excitatory dop-
amine to amygdala 460 via VT A-amygdala connection 462,
to nucleus accumbens by VTA-amygdala tract 463, and also
indirectly sends excitatory glutamate to nucleus accumbens
480, via amygdala-accumbens connection 461. From
nucleus accumbens 480, at least four connections send
signal back to VTA 450: excitatory dopaminergic accum-
bens-VTA connection 464, inhibitory GABAergic accum-
bens-VTA tract 492, and the inhibitory GABAergic bidirec-
tional accumbens-VTA-accumbens tract 454, and inhibitory
GABAergic accumbens-VTA tract 452. Additionally
GABAergic accumbens-VTA tract 492 sends feedback inhi-
bition back to the VTA 450 when receiving inhibitory
signals from GABAergic VTA-accumbens tract 451,
GABAergic hippocampus-amygdala tract 392, and
GABAergic prefrontal-accumbens tract 491 VTA 4350 also
delivers dopaminergic signal along VTA-hippocampus tract
392, and dopaminergic signal along VTA-prefrontal tract
491. Amygdala 460 also recerved excitatory glutaminergic
input from prefrontal-amygdala tract 481, and receives
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excitatory glutaminergic signal from hippocampus 495
along hippocampus-amygdala tract 493. Nucleus acumbens
480 also send and inhibitory glutaminergic signal along
accumbens-ventral pallidum tract 471 to ventral pallidum
470.

It should be noted that nucleus accumbens 480 1ncludes
dopaminergic, glutaminergic and GABAergic neurons, with
GABAergic accumbens-ventral pallidum tract 471, gluta-
minergic amydala-accumbens tract 461, dopaminergic VTA-
accumbens tract 464 GABAergic accumbens-VTA tract 492,
and VTA accubens tract 451, glutaminergic hippocampal
accumbens tract 493, and prefrontal-accumbens tract 481 all
either originating or terminating in nucleus accumbens 480.
In the context of the present invention, one can selectively
modulate only the dopaminergic portions of nucleus accum-
bens 480, while leaving glutaminergic and GABAergic
portions 1ntact. This may be accomplished, for example, by
radiosensitizing dopaminergic neurons with D2 antagonist
raclopride (347 Da) conjugated with radiosensitizer metron-
idazole (171.16 Da), radioprotecting non-dopaminergic por-
tions of nucleus accumbens 480 with GABA antagonist
flumazenil (303.288 Da) conjugated with radioprotectant
N-acetyl-cysteine (163.195 Da), and glutaminergic/NMDA
antagonist ketamine (237.725 Da) conjugated with radio-
sensitizer vandate (183.907 Da) with glutaminergic NMDA
antagonist ketamine conjugated with radiosensitizer mis-
onidazole. Because the raclopride/metronidazole conjugate
will only be taken up by dopaminergic cells, only dopamin-
ergic cells will be radiosensitized. Furthermore, because the
ketamine/n-acetyle-cyteine conjugate will dock only with
NMDA receptors and be taken up into the glutaminergic
neuron by endocytosis, only the NMDA neurons will be
radioprotected.

While certain disorders of the brain and associated neural
circuits and nodes have been detailed above, 1t 1s appreciated
that the concepts described herein are applicable to treat-
ment ol various other disorders and targeted tissue, and
various other neural circuits and portions of neural circuits
and nodes. Further, while select radiosensitizer and radio-
protectant substances have been described above, it 1s appre-
ciated that various other substances can be utilized 1n
accordance with the concepts described herein.

While the exemplary embodiments have been described
in some detail, by way of example and for clarity of
understanding, those of skill in the art will recognize that a
variety of modification, adaptations, and changes may be
employed. Hence, the scope of the present invention should
be limited solely by the appending claims.

In the foregoing specification, the invention i1s described
with reference to specific embodiments thereof, but those
skilled 1n the art will recogmize that the mmvention 1s not
limited thereto. Various features, embodiments and aspects
of the above-described invention can be used individually or
jomtly. Further, the invention can be utilized 1n any number
of environments and applications beyond those described
herein without departing from the broader spirit and scope of
the specification. The specification and drawings are,
accordingly, to be regarded as illustrative rather than restric-
tive. It will be recognized that the terms “comprising,”
“including,” and “having,” as used herein, are specifically
intended to be read as open-ended terms of art.

What 1s claimed 1s:

1. A method of treatment of a disorder, the treatment
comprising;

administering across a blood brain barrier a first substance

having a specific cell-type atlinity for certain types of
brain cells to enhance radiation effects at a targeted
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tissue and/or to protect non-targeted tissues of critical
structures of a brain, wherein the first substance
includes a conjugate of a first molecular structure
having the aflinity for the certain types of brain cells
and a second molecular structure includes either a
radiosensitizer or a radioprotectant; and

delivering radiation to the targeted tissue at a therapeuti-

cally effective dose;
wherein the radiation of the targeted tissue 1s enhanced by
the presence of the first substance 11 the second molecu-
lar structure includes the radiosensitizer and wherein
undesired alteration of the non-targeted tissues of the
critical structures of the brain 1s avoided 1f the second
molecular structure includes the radioprotectant;

wherein the first substance including the first molecular
structure has the specific cell-type ailinity for a first
type of the brain cells being targeted for radiotherapy
and the second molecular structure includes the radio-
sensitizer to enhance the radiation of the first type of the
brain cells, the method further imncluding:

administering, across a blood brain barrier, a second
substance having a third molecular structure having a
specific cell-type athinity for a second type of the brain
cells of the critical structures of the brain that are not
the target of the radiotherapy and a fourth molecular
structure that includes the radioprotectant to protect
non-targeted tissues of the critical structures of the
brain during the radiotherapy.

2. The method of claim 1, wherein administering the first
substance comprises introducing the first substance intra-
vascularly and delivering a blood-brain barrier permeator to
the blood brain barrier to facilitate administering the first
substance across the blood brain barrier.

3. The method of claim 2, wherein delivering the blood-
brain barrier permeator comprises directing ultrasound
energy to a select location along the blood brain barrier.

4. The method of claim 3, wherein the conjugate molecule
1s larger than 600 Daltons.

5. The method of claim 1, wherein the first molecular
structure of the conjugate 1s:

a cell-type antibody.

6. The method of claim 1, wherein the cells comprise
brain neurons and the first molecular structure has a specific
aflinity for any of the following types of brain neurons:

Glutamate (GLU) neurons;

Gamma-aminobutyric acid (GABA) neurons; and

Dopaminergic (DA) neurons.

7. The method of claim 1, wherein the first substance
comprises a radiosensitizer and includes any of: fluoropy-
rimidines, gemcitabine platinum analogs, cisplatin, mis-
onidazole, metronidazole, hypoxic cytotoxins, tirapazamine,
oxygen, NBTXR3, nimoral, trans sodium crocetinate (1SC),
and NVX-108.

8. The method of claim 1, wherein the first substance
comprises a radioprotectant and includes any of:
hydroxytryptamine, cobalt chlornide, deferoxamine, clioqui-
nol, 1sofluran, oakadaic acid, vanadate, tilorone, baicalein,
FG-4497, superoxide dismutase, glutathione, N-acetyl-cys-
teine, amifostine, fullerenois, certum oxide, tempol, resvera-
trol, butin, vectors with repair enzymes, sodium orthovenate,
antisense-PUMA, 1nhibitors of GSK-33, HPV 16 E3S viral
protein, angiotensin receptor blockers, tlagellin analogues,
RTA401, autophagy modulators, haemopoetin growth fac-
tors, keratinocyte growth factor, becaplermin, telbermin,
FGF-P peptide, FG1:FGF2 chimeric GF, Velatermin, Teno-
vil, Delavo, SeV-mediated transter of IL-10 gene, IL-10
inducers, Infliximab, Tolcizumab, IL-6 blockers, pravasta-
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tin, VEGF blockers, TNP-470, HIF blockers, TGF[3 block-
ers, PDGFR 1nhibitors, HGF gene transfer, retinoic acid,
anti-bFGE, ACE 1inhibitors, COX 1nhibitors, INGN201,
MDM2 1nhibitors, oblimersen, sodium, vanillin derivatives,
Avotermin, NF-kB inducers, macrophage activation, gap
junction mnhibitors, NOS inhibitors, macrophage activation
inhibitors, demethylation targeting agents.

9. The method of claim 1, wherein the athnity for certain
types of brain cells provides anatomic specificity within the
brain.

10. A treatment system for treatment of a disorder of a
brain of a patient, the treatment system comprising:

a first substance having a specific cell-type athnity for
certain types ol brain cells, wherein the first substance
has properties that enhance radiation eflects at a tar-
geted tissue associated with a neural circuit contribut-
ing to the disorder and/or inhibit 1rradiation of non-
targeted tissues of critical structures of the brain,
wherein the first substance includes a conjugate of a
first molecular structure having the aflinity for the
certain types of cells and a second molecular structure
includes eirther a radiosensitizer or a radioprotectant;
and

a blood-brain barrier permeator configured to permeate a
blood-brain barrier of the brain upon delivery to the
blood-brain barrier;

a second substance including a third molecular structure
and a fourth molecular structure, the third molecular
structure having a specific cell-type athnity for a sec-
ond type of brain cells of the critical structures of the
brain that are not the target of the radiotherapy, and the
fourth molecular structure having the radioprotectant to
protect the non-targeted tissues of the critical structures
of the brain during the radiotherapy; and

a radiation delivery system configured to deliver radiation
to the targeted tissue at a therapeutically eflective dose;

wherein the radiation of the targeted tissue 1s enhanced by
the presence of the first substance 11 the second molecu-
lar structure includes the radiosensitizer and wherein
undesired alteration of the non-targeted tissues of the
critical structures of the brain 1s avoided if the second
molecular structure includes the radioprotectant;

wherein the first molecular structure has the specific
cell-type afhinity for a first type of brain cells being
targeted for radiotherapy and the second molecular
structure includes the radiosensitizer configured to
enhance the radiation of the first type of brain cells.

11. The treatment system of claim 10, wherein the second
molecular structure comprises the radioprotectant.

12. The treatment system of claim 11, wherein the radio-
protectant comprises any of: hydroxytryptamine, cobalt
chloride, deferoxamine, clioquinol, 1sofluran, oakadaic acid,
vanadate, tilorone, baicalein, FG-4497, superoxide dis-
mutase, glutathione, IN-acetyl-cysteine, amifostine, fuller-
enois, certum oxide, tempol, resveratrol, butin, vectors with
repair enzymes, sodium orthovenate, antisense-PUMA,
inhibitors of GSK-3f3, HPV 16 ES viral protein, angiotensin
receptor blockers, flagellin analogues, RTA401, autophagy
modulators, haemopoetin growth factors, keratinocyte
growth factor, becaplermin, telbermin, FGF-P peptide, FG1:
FGF2 chimeric GF, Velatermin, Tenovil, Delavo, SeV-me-
diated transier of IL-10 gene, IL-10 inducers, Infliximab,
Tolcizumab, IL-6 blockers, pravastatin, VEGF blockers,
TNP-4770, HIF blockers, TGF{3 blockers, PDGFR 1nhibitors,
HGPF gene transter, retinoic acid, anti-bFGF, ACE 1nhibitors,
COX 1nhibitors, INGN201, MDM?2 inhibitors, oblimersen,

sodium, vanillin derivatives, Avotermin, NF-kB inducers,
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macrophage activation, gap junction inhibitors, NOS inhibi-
tors, macrophage activation inhibitors, demethylation tar-
geting agents.

13. The treatment system of claim 10, further comprising:

a processor configured to direct radiation delivered from

the radiation delivery system outside the patient,
through a skull of the patient and into the brain of the
patient along a plurality of beam paths directed from
varying directions to intersect with targeted tissue.

14. The treatment system of claim 10, further comprising:

an ultrasound delivery system; and

an 1maging system for identifying a location to direct

ultrasound from the ultrasound delivery system to
temporarily permeate the blood-brain barrier.

15. The treatment system of claim 14, wherein the 1mag-
ing system 1s further configured to identify the targeted
tissue location for transmission of radiation.

16. The treatment system of claim 15,

wherein the processor 1s further configured to i1dentity a

10

15

location associated with the blood-brain barrier with ¢

the 1maging system and to direct an ultrasound energy
from an ultrasound source of the ultrasound delivery
system to permeate the blood-brain barrier, allowing
transmission of the first substance across the blood-
brain barrier.
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17. The treatment system of claim 14, wherein the 1mag-
ing system 1s a magnetic resonance imaging (MRI) system
and the ultrasound system comprises a high Irequency
ultrasound source.

18. The treatment system of claim 10, wherein the first
molecular structure of the conjugate 1s a neurotransmitter
receptor antagonist.

19. The treatment system of claim 10, wherein the con-
jugate has suflicient lipophilicity to prevent excessive bind-
ing to plasma but still permit binding to neurons.

20. The treatment system of claim 10, wherein the con-
jugate 1s less than 600 Da in molecular mass 1n order to
permit blood-brain barrier passage.

21. The treatment system of claim 10, wherein the first
substance comprises a radiosensitizer.

22. The treatment system of claim 21, wherein the radio-
sensitizer includes any of: fluoropyrimidines, gemcitabine
platinum analog, cisplatin, misomidazole, metronidazole,
hypoxic cytotoxins, tirapazamine, oxygen, NBTXR3,
nimoral, trans sodium crocetinate (TSC), NVX-108.

23. The system of claim 10, wherein the athnity for
certain types of brain cells provide anatomic specificity
within the brain.
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